Li D, Cao W. Role of intracellular calcium and NADPH oxidase NOX5-S in acid-induced DNA damage in Barrett's cells and Barrett's esophageal adenocarcinoma cells. Am J Physiol Gastrointest Liver Physiol 306: G863-G872, 2014. First published April 3, 2014 doi:10.1152/ajpgi.00321.2013.-Mechanisms whereby acid reflux may accelerate the progression from Barrett's esophagus (BE) to esophageal adenocarcinoma (EA) are not fully understood. Acid and reactive oxygen species (ROS) have been reported to cause DNA damage in Barrett's cells. We have previously shown that NADPH oxidase NOX5-S is responsible for acid-induced H2O2 production in Barrett's cells and in EA cells. In this study we examined the role of intracellular calcium and NADPH oxidase NOX5-S in acid-induced DNA damage in a Barrett's EA cell line FLO and a Barrett's cell line CP-A. We found that pulsed acid treatment significantly increased tail moment in FLO and CP-A cells and histone H2AX phosphorylation in FLO cells. In addition, acid treatment significantly increased intracellular Ca 2ϩ in FLO cells, an increase that is blocked by Ca 2ϩ -free medium with EGTA and thapsigargin. Acid-induced increase in tail moment was significantly decreased by NADPH oxidase inhibitor diphenylene iodonium in FLO cells, and by blockade of intracellular Ca 2ϩ increase or knockdown of NOX5-S with NOX5 small-interfering RNA (siRNA) in FLO and CP-A cells. Acid-induced increase in histone H2AX phosphorylation was significantly decreased by NOX5 siRNA in FLO cells. Conversely, overexpression of NOX5-S significantly increased tail moment and histone H2AX phosphorylation in FLO cells. We conclude that pulsed acid treatment causes DNA damage via increase of intracellular calcium and activation of NOX5-S. It is possible that in BE acid reflux increases intracellular calcium, activates NOX5-S, and increases ROS production, which causes DNA damage, thereby contributing to the progression from BE to EA.
Barrett's esophagus; deoxyribonucleic acid damage ESOPHAGEAL ADENOCARCINOMA (EA) has increased in incidence over the past several decades (4, 43, 51) and is characterized by a poor prognosis, associated with a median survival of less than one year (12, 14) and a five-year survival rate of 12.5-20% (28, 49) . Gastroesophageal reflux disease (GERD) complicated by Barrett's esophagus (BE) is a major risk factor for EA; 6 -12% of GERD patients develop BE (14) where esophageal squamous epithelium damaged by reflux esophagitis is replaced by a metaplastic, intestinal-type epithelium. The prevalence of BE is about 1-2% in the general population (48) . The specialized intestinal metaplasia of BE is associated with nearly a 30-to 125-fold increased risk for the development of EA, with best estimates of cancer incidence of 0.12-0.8% per year, i.e., one cancer per 125-860 patients for each year of observation (22, 29, 31, 34, 43, 54) . However, mechanisms of progression from BE (intestinal metaplasia) to EA are not fully understood.
Acid reflux may contribute to the progression from BE to EA since 1) it has been reported that acid exposure induces DNA damage in the human BE cell line BAR-T (55); 2) cultured biopsy specimens of intestinal metaplastic cells demonstrate a significant increase in tritiated thymidine uptake when the explants are briefly exposed to acid, suggesting that in Barrett's specimens brief, episodic acid exposure is sufficient to promote tumorigenesis by stimulating hyperproliferation (18) ; and 3) two prospective studies show that proton pump inhibitor treatment significantly reduces the incidence of high-grade dysplasia in BE patients (13, 32) .
Reactive oxygen species (ROS) may also play an important role in the development of EA since ROS may damage DNA, RNA, lipids, and proteins, leading to increased mutation and altered functions of enzyme and proteins (e.g., activation of oncogene products and/or inhibition of tumor suppressor proteins) (15, 39) . ROS may also cause chromosomal imbalances (15) . In metaplastic cells (41, 53) ROS levels are elevated and antioxidant defenses are decreased, as evidenced by the reduced levels of glutathione and vitamin C and the decreased activity of superoxide dismutase (19, 23, 53) . ROS have been shown to mediate acidinduced DNA damage in benign Barrett's epithelial cells (55) . Acid-induced DNA damage may cause genomic instability. Among DNA damage double-strand breaks (DSBs) are the most harmful form since cells with persistent DSBs may develop chromosomal abnormalities, including translocations and deletions (37) . These chromosomal abnormalities may induce genomic instability, thus contributing to tumorigenesis. We have shown that the NADPH oxidase isoform NOX5-S is present in EA FLO cells and mediates acid-induced H 2 O 2 production. However, whether NOX5-S is involved in acid-induced DNA damage is not known.
We have shown that acid treatment significantly increases intracellular Ca 2ϩ in SEG1 cells [likely a lung carcinoma cell line (6) ], an increase that is involved in acid-induced NOX5-S expression (20) . Ca 2ϩ homeostasis is involved in many cellular processes, including proliferation, gene transcription, and angiogenesis (47) , which are important in tumorigenesis. Whether acid increases intracellular calcium in EA cells and whether calcium is involved in acid-induced DNA damage in EA cells is not known.
In the present study, we show that pulsed acid treatment causes DNA damage via increase of intracellular calcium and activation of NOX5-S in FLO cells.
MATERIALS AND METHODS
Cell culture and treatment. The human Barrett's adenocarcinoma cell line FLO, derived from human Barrett's EA (27) , was generously provided to us by Dr. David Beer (University of Michigan). The FLO cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum and antibiotics. The cells were cultured at 37°C in a 5% CO 2-humidified atmosphere.
Human Barrett's cell line CP-A (42) was purchased from ATCC (Manassas, VA). Cells were cultured in KM medium: keratinocyte medium-2 (Ca 2ϩ -free solution; Cambrex, Rockland, ME) supplemented with 1.8 mM CaCl2, 5% fetal bovine serum, 400 ng/ml hydrocortisone, 20 ng/ml epidermal growth factor, 0.1 nM cholera toxin, 20 g/ml adenine, 5 g/ml insulin, 70 g/ml bovine pituitary extract, and antibiotics.
For acid treatment, FLO cells were exposed to acidic DMEM (pH 5.0, 250 l) or normal DMEM (control) added to each well in a 12-well plate for 1 h. Next, cells were washed and cultured in fresh medium (pH 7.2) for an additional 24 h. Finally, the cells were collected for measurement of DNA damage.
For diphenylene iodonium (DPI) plus acid treatment, FLO cells were exposed to acidic DMEM (pH 5.0, 250 l), normal DMEM (control), or acidic DMEM plus DPI (10 Ϫ5 M) in a 12-well plate for 1 h. The cells were then washed and cultured in fresh medium (pH 7.2) or fresh medium plus DPI (10 Ϫ5 M) for an additional 24 h. Finally, the cells were collected for measurement.
For EGTA and thapsigargin plus acid treatment, FLO cells were exposed to acidic DMEM (pH 5.0, 250 l), normal DMEM (control), or Ca 2ϩ -free acidic DMEM with EGTA (1 mM) and thapsigargin (1 M) in a 12-well plate for 1 h. For Ca 2ϩ -free acidic DMEM with EGTA and thapsigargin group, the cells were preincubated with Ca 2ϩ -free DMEM (pH 7.2) with thapsigargin (1 M) for 1 h before acid treatment. After acid treatment, cells were washed and cultured in fresh medium (pH 7.2) or calcium-free DMEM with EGTA (1 mM) and thapsigargin (1 M) for an additional 24 h. Finally, the cells were collected for measurement of DNA damage. CP-A cells were exposed to normal KM medium (control), acidic KM medium (pH 6.5), or Ca 2ϩ -free acidic KM medium with EGTA (1 mM) and thapsigargin (1 M) for 24 h and then collected for measurement of DNA damage.
For A-23187 treatment, FLO cells were exposed to normal DMEM plus A-23187 (10 Ϫ6 M), normal DMEM (control), or normal DMEM plus A-23187 (10 Ϫ6 M) and N-acetylcysteine (NAC, 10 mM) in a 12-well plate for 24 h. Next, cells were collected for measurement of DNA damage.
Small-interfering RNA and plasmid transfection. For small-interfering RNA (siRNA) transfection, at 40 -50% confluence, cells were trypsinized and diluted 1:5 with fresh medium without antibiotics (1-3 ϫ 10 5 cells/ml) and transferred to 12-well plates (1 ml/well). Transfection of siRNAs was performed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. For each well, 60 pmol of siRNA duplex of NOX5 or control siRNAs formulated into liposomes were applied; the final volume was 1.2 ml/well. Twenty-four hours later, FLO cells were exposed to acidic DMEM (pH 5.0) for 1 h, washed, and cultured in fresh medium (pH 7.2) for an additional 24 h. CP-A cells were cultured in acidic KM medium (pH 6.5) for 24 h. Finally, the transfectants were collected for measurements. Transfection efficiencies were determined by fluorescence microscopy after transfection of Block-It fluorescent oligo (Invitrogen) and were ϳ90% at 48 h. Control siRNA is a scrambled sequence that will not lead to the specific degradation of any known cellular mRNA.
For plasmid transfection, 0.5 g of plasmids (pCMV-NOX5-S, pCMV, pGL3-NOX5p) or 0.1 g of Renilla luciferase plasmid formulated into liposomes was applied. All other procedures were similar to those described above. pGL3-NOX5P is a reporter plasmid of NOX5-S that was generated by ligating a NOX5-S promoter fragment (Ϫ1,396 to Ϫ6 from ATG) into the pGL3-basic vector (20) .
Luciferase assay. The FLO EA cells were seeded in 12-well plates for 24 h. After transfection with Renilla luciferase plasmid and pGL3-NOX5p reporter plasmid, cells were cultured in the presence or absence of A-23187 (10 Ϫ6 M) for 24 h. Cells were then washed, lysed, and sequentially evaluated for luciferase activity using the Dual-Luciferase Reporter Assay System (Promega). The number of experiments is indicated in the legend of Fig. 6 ; each experiment was performed in triplicate.
Western blot analysis. Cells were lysed in a Triton X lysis buffer containing 50 mM Tris·HCl (pH 7.5), 100 mM sodium chloride, 50 mM sodium fluoride, 5 mM EDTA, 1% (vol/vol) Triton X-100, 40 mM ␤-glycerol phosphate, 40 mM p-nitrophenylphosphate, 200 mM , an increase that was almost blocked by Ca 2ϩ -free medium with EGTA ϩ thapsigargin (Thap). The data suggest that acid increases intracellular calcium and that Ca 2ϩ -free medium with EGTA ϩ thapsigargin is sufficient to block this Ca 2ϩ signal. N ϭ 25-38 cells, ANOVA, **P Ͻ 0.0001 compared with control; ***P Ͻ 0.0001 compared with acid. sodium orthovanadate, 100 M phenylmethylsulfonyl fluoride, 1 g/ml leupeptin, 1 g/ml pepstatin A, and 1 g/ml aprotinin. The suspension was centrifuged at 15,000 g for 5 min, and the protein concentration in the supernatant was determined. Western blot analysis was performed as described previously elsewhere (10, 20) . In brief, after these supernatants were subjected to SDS-PAGE, the separated proteins were transferred electrophoretically to a nitrocellulose membrane at 100 V for 1-2 h. The nitrocellulose membranes were blocked in 5% nonfat dry milk and then incubated with appropriate primary antibodies followed by 60-min incubation in horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnologies, Santa Cruz, CA). Detection was achieved with an enhanced chemiluminescence agent (GE Healthcare, Piscataway, NJ). The primary antibodies used were phosphorylated H 2AX antibody (1:1,000) and H2AX antibody (1:1,000).
Protein measurement. The amount of protein was determined by a colorimetric assay using the protein assay kit from Bio-Rad Laboratories (Richmond, CA) according to the Bradford method (7).
Comet assay. A single-cell gel electrophoresis assay was carried out according to the manufacturer's instruction (Trevigen, Gaithersburg, MD) with minor modifications (8) . The Comet assay is based on the ability of denatured cleaved DNA fragments to migrate out of the cell under the influence of an electric potential, whereas undamaged supercoiled DNA remains within the confines of the cell membrane. The DNA damage is quantitated by measuring the tail length, percentage of DNA in the tail, and tail moment (40) .
FLO cells or CP-A cells were seeded in 12-well plates for 24 h before treatment. After treatment, the cells were harvested by trypsinization, washed with PBS, and resuspended in ice-cold PBS. Next, the cells were added to melted low-melting agarose at 37°C at a ratio of 1:10 (vol/vol) and at a cell density of 1 ϫ 10 5 cells/ml. The agarose-cell mixture (50 l) was immediately pipetted onto Comet slides (Trevigen). The slides were placed at 4°C in the dark until gelling occurred and then immersed in prechilled lysis buffer at 4°C. After lysis, horizontal electrophoresis was performed for 20 min at 300 mA. After electrophoresis, the slides were washed with prechilled distilled water two times (5 min each) and with cold 70% ethanol one time for 5 min. Slides were allowed to air dry for 10 min, stained with 100 l SYBR Green solution for 5 min at 4°C in the dark, and viewed under a fluorescence microscope. For each sample, 100 randomly selected cells (50 cells from each of the two duplicate slides) were analyzed. The tail length, tail area, and tail moment were analyzed using TriTek CometScore software.
Cytosolic calcium measurements. FLO cells were loaded with 1.25 M fura 2-AM for 40 min and then placed in a 5-ml chamber mounted on the stage of an inverted microscope (Carl Zeiss). The cells were allowed to settle on a cover slip at the bottom of the chamber. The bathing solution is the HEPES-buffered solution (pH 7.4) containing 112.5 mM NaCl, 3.1 mM KCl, 2.0 mM KH 2PO4, 10.8 mM glucose, 24.0 mM HEPES (sodium salt), 1.9 mM CaCl2, 0.6 mM MgCl2, 0.3 mg/ml basal medium Eagle amino acid supplement, and 0.08 mg/ml soybean trypsin inhibitor. The Ca 2ϩ -free medium is the HEPES-buffered solution without CaCl2 but with EGTA (1 mM) and thapsigargin (1 M). When the Ca 2ϩ -free medium was used, the bathing solution was changed two times with Ca 2ϩ -free medium after the cells had settled to the bottom of the chamber. When thapsigargin plus EGTA was used, cells were preincubated with thapsigargin (1 M) for 1 h and then used for acid treatment. Ca 2ϩ measurements were obtained using a modified dual-excitation wavelength imaging system (Ion-Optix, Milton, MA) as described previously (9) . Ratiometric images were masked in the region outside the borders of the cell, since low photon counts give unreliable ratios near the edges. We developed a method for generating an adaptive mask that follows the borders of the cell as Ca 2ϩ changes. A pseudoisosbestic image (i.e., an image insensitive to Ca 2ϩ changes) was formed in computer memory from a weighted sum of the images generated by 340-nm excitation and 380-nm excitation. This image was then thresholded (i.e., values below a selected level were considered to be outside the cell and assigned a value of 0). For each ratiometric image, the outline of the cell was determined, and the generated mask was applied to the ratiometric image. This method allows the imaging of the changes in Ca 2ϩ . Our algorithm has been incorporated into the IonOptix software. This algorithm calculates the conversion of the ratios of fluorescence elicited by 340-nm excitation to 380-nm excitation to Ca 2ϩ concentrations using techniques previously described in detail by Grynkiewicz et al. (21) .
Materials. Human NOX5 siRNA was purchased from Applied Biosystems; H 2AX antibody were from Thermo Scientific; phosphor- M) significantly increased the tail moment, an increase that was significantly decreased by N-acetylcysteine (NAC, a free radical scavenger). These data suggest that an increase in intracellular Ca 2ϩ may cause DNA damage through production of ROS. N ϭ 3, ANOVA, *P Ͻ 0.05 compared with control; OE P Ͻ 0.05 compared with A-23187 group. ylated H2AX antibody were from R&D Systems; The pCMV-tag5a-NOX5-S plasmid was generously provided to us by Dr. David Lambeth (Emory University School of Medicine, Atlanta, GA). DPI, NAC, EGTA, thapsigargin, A-23187, Triton X-100, phenylmethylsulfonyl fluoride, DMEM, antibiotics, and other reagents were purchased from Sigma-Aldrich.
Statistical analysis. Data are expressed as means Ϯ SE. Statistical differences between two groups were determined by Student's t-test.
Differences among multiple groups were tested using analysis of variance (ANOVA) and checked for significance using Fisher's protected least-significant difference test.
RESULTS

Acid-induced DNA damage in FLO EA cells.
To investigate whether acid affects DNA damage in FLO EA cells, FLO cells were exposed to acid (pH 5.0) for 1 h, washed, and cultured in regular culture medium for an additional 24 h. DNA damage was detected by a Comet Assay. We found that pulsed acid treatment significantly increased tail length from 1.7 Ϯ 0.2 to 10.1 Ϯ 0.6 pixels (t-test, P Ͻ 0.01), tail area from 51.3 Ϯ 7.2 to 312.7 Ϯ 23.5 pixels (t-test, P Ͻ 0.01), and tail moment from 0.7 Ϯ 0.1 to 3.1 Ϯ 0.3 (t-test, P Ͻ 0.0001, Fig. 1 ), suggesting that pulsed acid treatment increases DNA damage in FLO EA cells.
Role of calcium in acid-induced DNA damage. We have previously shown that acid treatment causes calcium influx in SEG1 cells [a possible lung carcinoma cell line (6)]. To examine whether this phenomenon is also present in FLO EA cells, we measured calcium signals in FLO cells. Figure 2 shows that acid treatment significantly increased intracellular Ca 2ϩ concentration by 216.2 Ϯ 14.4% control in fura 2-AMloaded FLO cells (ANOVA, P Ͻ 0.0001), an increase that was significantly decreased by calcium-free medium with EGTA and thapsigargin in FLO cells (ANOVA, P Ͻ 0.0001), suggesting that acid treatment increases intracellular calcium and that calcium-free medium with EGTA and thapsigargin is sufficient to block the acid-induced Ca 2ϩ signal. Next we investigated the effect of Ca 2ϩ on DNA damage in FLO EA cells. As shown in Fig. 3 , Ca 2ϩ -free medium plus EGTA and thapsigargin significantly decreased tail length from 11.4 Ϯ 0.9 to 3.8 Ϯ 0.6 pixels, tail area from 361.7 Ϯ 36.5 to 116.8 Ϯ 21.8 pixels, and tail moment from 3.0 Ϯ 0.4 to 1.8 Ϯ 0.5 ( Fig. 3 ) in FLO cells (ANOVA, P Ͻ 0.001). Similarly, Ca 2ϩ -free medium plus EGTA and thapsigargin significantly decreased tail moment (Fig. 4) in a BE cell line CP-A cells. These data suggest that acid-induced DNA damage may be mediated by intracellular Ca 2ϩ increase. To further confirm this result, we exposed FLO cells to calcium ionophore A-23187. A-23187 is a bacterially derived Fig. 6 . Role of calcium in activation of NOX5-S promoter. A-23187 significantly increased the luciferase activity in FLO cells transfected with a reporter plasmid of NOX5-S (pGL3-NOX5P), which was generated by ligating a NOX5-S promoter fragment (Ϫ1,396 to Ϫ6 from ATG) in the pGL3-basic vector. The data suggest that intracellular Ca 2ϩ increase may activate NOX5-S promoter. N ϭ 3, t-test, **P Ͻ 0.01. Fig. 7 . Role of NADPH oxidases in acid-induced DNA damage in FLO cells. A: representative images (ϫ4 magnification). B: acid significantly increased the tail moment, an increase that was significantly decreased by diphenylene iodonium (DPI). These data suggest that acid-induced DNA damage may be mediated by activation of NADPH oxidases. ANOVA, *P Ͻ 0.0001 compared with control group; OE P Ͻ 0.0001 compared with acid group.
antibiotic calcium ionophore that allows calcium ions to cross biological membranes (45) . We found that A-23187 significantly increased tail length from 3.0 Ϯ 0.7 to 11.8 Ϯ 1.1 pixels (t-test, P Ͻ 0.0001), tail area from 63.3 Ϯ 21.1 to 234.1 Ϯ 25.5 pixels (t-test, P Ͻ 0.0001), and tail moment from 0.5 Ϯ 0.3 to 1.4 Ϯ 0.3 (t-test, P Ͻ 0.05, Fig. 5) . A-23187-induced increase in tail moment was significantly decreased by NAC, a free radical scavenger (50, 56) . These data suggest that intracellular calcium increase may cause DNA damage through production of ROS in FLO EA cells.
Role of NOX5-S in acid-induced DNA damage. We have shown that calcium is involved in acid-induced NOX5-S expression in the possible lung carcinoma cell line SEG1 (20) . In FLO cells, we found that A-23187 significantly increased the luciferase activity in FLO cells transfected with a reporter plasmid of NOX5-S (pGL3-NOX5P; Fig. 6 ), which was generated by ligating a NOX5-S promoter fragment (Ϫ1,396 to Ϫ6 from ATG) into the pGL3-basic vector (20) . The data suggest that intracellular Ca 2ϩ increase may activate NOX5-S promoter.
Next we examined the role of NOX5-S in acid-induced DNA damage. We measured acid-induced DNA damage in presence or absence of NOX inhibitor DPI (3). We found that acid-induced increase in tail length was significantly reduced by DPI from 8.8 Ϯ 0.9 to 4.0 Ϯ 2.3 pixels (ANOVA, P Ͻ 0.0001), tail area from 260.9 Ϯ 28.3 to 73.7 Ϯ 16.2 pixels (ANOVA, P Ͻ 0.0001), and tail moment from 3.3 Ϯ 0.5 to 1.1 Ϯ 0.4 (ANOVA, P Ͻ 0.0001, Fig. 7) , suggesting that NADPH oxidases may be involved in acid-induced DNA damage. Next, we used NOX5 siRNA, which has been shown by us to Fig. 8 . Role of NOX5-S in acid-induced DNA damage in FLO cells. A: representative images (ϫ4 magnification). B: acid significantly increased the tail moment, an increase that was significantly decreased by knockdown of NOX5-S. These data suggest that acid-induced DNA damage may be mediated by activation of NOX5-S. N ϭ 3, ANOVA, *P Ͻ 0.0001 compared with control small-interfering RNA (siRNA) group; #P Ͻ 0.05 compared with control siRNA group plus acid group. Fig. 9 . Role of NOX5-S in acid-induced DNA damage in Barrett's cells CP-A. A: representative images (ϫ4 magnification). B: acid significantly increased the tail moment, an increase that was significantly decreased by knockdown of NOX5-S. These data suggest that acid-induced DNA damage may be mediated by activation of NOX5-S. N ϭ 3, ANOVA, *P Ͻ 0.0001 compared with control siRNA group; OE P Ͻ 0.01 compared with control siRNA group plus acid group.
effectively knock down NOX5-S (20) , to knock down NOX5-S. We found that knockdown of NOX5-S significantly decreased tail moment in FLO cells (Fig. 8) and CP-A cells (Fig. 9) , suggesting that NOX5-S may be involved in acidinduced DNA damage. To further confirm this result, we examined histone H2AX phosphorylation, which has been shown to be a marker of double-stranded DNA break (5, 36) . Acid significantly increased H2AX phosphorylation in FLO cells, an increase that was significantly reduced by knockdown of NOX5-S (Fig. 10) . In addition, overexpression of NOX5-S by transfection with NOX5-S plasmid significantly increased tail moment in FLO cells (Fig. 11) . Similarly, overexpression of NOX5-S significantly increased histone H2AX phosphorylation at the basal condition and in response to acid treatment in FLO cells (Fig. 12) . The data suggest that NOX5-S may contribute to acid-induced DNA damage.
DISCUSSION
GERD complicated by BE is a major risk factor for EA (35) . Mechanisms whereby acid reflux may accelerate the progression from BE to EA are not fully understood. We found that pulsed acid treatment significantly increased DNA damage in FLO EA cells. This result was consistent with the literature (30, 55) . However, how acid causes DNA damage is not known.
Calcium has been established as an intracellular second messenger and is involved in many cellular processes, including proliferation, gene transcription, and angiogenesis (47) , which are important in tumorigenesis. Ca 2ϩ stores are maintained by the balance between Ca 2ϩ uptake through endoplasmic reticulum (ER) Ca 2ϩ -ATPase SERCAs and Ca 2ϩ release through 1,4,5-inositol triphosphate receptors and ryanodinesensitive channels. Calcium ATPase SERCAs are responsible for recharging ER calcium stores (44) . Inhibition of ER Ca 2ϩ -ATPases may cause depletion of Ca 2ϩ stores as occurs with thapsigargin.
We found that acid treatment significantly increased intracellular Ca 2ϩ in fura 2-loaded FLO cells and that intracellular calcium increase mediates acid-induced DNA damage because 1) blockade of intracellular calcium increase by calcium-free medium with EGTA and thapsigargin significantly decreased acid-induced increase in tail length, tail area, and tail moment in FLO and CP-A cells in a Comet assay; and 2) increase in intracellular calcium with calcium ionophore A-23187 significantly increased tail length, tail area, and tail moment in FLO cells. In patients with BE, luminal pH of the esophagus may be lower than four for 2-11 h/day (38) . However, metaplastic cells may expose to a higher pH because of the mucus layer on top of these cells. To mimic the findings obtained from Barrett's tissues showing acid (pH 4, 1 h) increases cell proliferation (18), we used acid (pH 5, 1 h) in FLO cells, a pH that has been shown by us to increase cell proliferation (57) . In CP-A cells we used pH 6.5 for 24 h since 1) pH 4 has been shown to inhibit cell proliferation in the BE cell line (17) , and 2) we found that pH 6.5 increased cell proliferation in Barrett's cells (26) .
We have previously shown that calcium is involved in acid-induced NADPH oxidase NOX5-S expression in SEG1 cells, likely a lung carcinoma cell line (20) . We have also shown that NADPH oxidase (NOX) NOX5-S is present in BE cells BAR-T and EA cells FLO and OE33 (24, 26) and is overexpressed in FLO cells and EA tissues (25) . NOX5-S mRNA is also increased in BE mucosa with high-grade dysplasia (20) . Pulsed acid treatment significantly increases NOX5-S expression and H 2 O 2 production in BAR-T and OE33 cells (26) . These data suggest that NOX5-S may be a source of overproduction of ROS in BE and EA cells.
In the present study, we found that NOX5-S may contribute to acid-induced DNA damage because 1) pretreatment with DPI, an inhibitor of NOX, prevented the acid-induced increase in tail length, tail area, and tail moment in FLO cells; 2) knockdown of NOX5-S with NOX5 siRNA significantly inhibited acid-induced increase in tail length, tail area, tail moment, and histone H2AX phosphorylation; and 3) overexpression of NOX5-S significantly increased tail length, tail area, tail moment, and histone H2AX phosphorylation in FLO cells.
We found that A-23187 activated the NOX5-S promoter, suggesting that intracellular calcium may be involved in NOX5-S expression in FLO EA cells. NOX5 includes isoforms ␣, ␤, ⌬, ␥, and NOX5-S (1, 52). NOX5 ␣, ␤, ⌬, and ␥ have EF-hand motifs at its NH 2 -terminal (1) containing Ca 2ϩ -binding sites, whereas NOX5-S does not (11) . NOX5 ␣, ␤, ⌬, and ␥ may be activated by an increase in the cytoplasmic Ca 2ϩ concentration (2) and does not require other regulatory subunits to function (1, 33) . However, how calcium activates NOX5-S in EA cells is not known. In SEG1 cells, we found that calcium activates cAMP responsible element binding protein (CREB) (20) , thereby upregulating NOX5-S expression.
The role of calcium-mediated activation of NADPH oxidases in DNA damage has also been indicated in other cell types. For example, in kidney cells, angiotensin II-induced DNA damage depends on activation of phospholipase C and protein kinase C, increase of intracellular calcium, and activation of NOX4 (16) . In kidney tubule cells aldosteroneinduced DNA damage is through calcium-mediated activation of NADPH oxidases (46).
In conclusion, pulsed acid treatment causes DNA damage via increase of intracellular calcium and activation of NOX5-S. It is possible that persistent acid reflux present in BE patients may increase intracellular calcium, activate NOX5-S, and increase ROS production, which may lead to DNA damage and increased mutations and thereby contribute to the progression from metaplasia to dysplasia and to EA. summarized data show that acid treatment significantly increased H2AX phosphorylation (an indicator of double-strand breaks) in FLO cells. Overexpression of NOX5-S significantly enhanced H2AX phosphorylation at the basal condition and in response to acid treatment, suggesting that NOX5-S may cause DNA damage. N ϭ 3, ANOVA, *P Ͻ 0.01 and #P Ͻ 0.05 compared with pCMV group; OE P Ͻ 0.0001 compared with pCMV plus acid group.
